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ABSTRACT
We examine the low angular momentum flow model for Sgr A* using two-dimensional
hydrodynamical calculations based on the parameters of the specific angular momen-
tum and total energy estimated in the recent analysis of stellar wind of nearby stars
around Sgr A*. The accretion flow with the plausible parameters is non-stationary
and an irregularly oscillating shock is formed in the inner region of a few tens to a
hundred and sixty Schwarzschild radii. Due to the oscillating shock, the luminosity
and the mass-outflow rate are modulated by several per cent to a factor of 5 and a
factor of 2-7, respectively, on time-scales of an hour to ten days. The flows are highly
advected and the radiative efficiency of the accreting matter into radiation is very
low, ∼ 10−5–10−3, and the input accretion rate M˙input = 4.0× 10
−6 M⊙ yr
−1 results
in the observed luminosities ∼ 1036 erg s−1 of Sgr A* if a two-temperature model
and the synchrotron emission are taken into account. The mass-outflow rate of the
gas originating in the post-shock region increases with the increasing input specific
angular momentum and ranges from a few to 99 per cent of the input accreting mat-
ter, depending on the input angular momentum. The oscillating shock is necessarily
triggered if the specific angular momentum and the specific energy belong to or are
located just nearby in the range of parameters responsible for a stationary shock in
rotating inviscid and adiabatic accretion flow. The time variability may be relevant to
the flare activity of Sgr A*.
Key words: accretion, accretion discs – black hole physics – hydrodynamics – radi-
ation mechanism: thermal – shock waves – Galaxy: centre.
1 INTRODUCTION
Disc accretion is an essential process for such phenomena
as energetic X-ray sources, active galactic nuclei and proto-
stars. Since the early works by Pringle & Rees (1972) and
Shakura & Sunyaev (1973), a great number of papers have
been devoted to studies of the disc accretion onto gravitating
objects. When the accretion rate is not too high, the accre-
tion disc luminosity is directly in proportion to the accretion
rate and can be successfully described by the standard thin
disc model (S-S model). Sgr A* in our Galactic centre has
been extensively studied in the category of accretion pro-
cesses because it is a supermassive black hole candidate in
our Galaxy and has unique observational features incom-
patible with the S-S model. One of the features of Sgr A*
is that the observed luminosity is five orders of magnitude
lower than that predicted by the S-S model. Moreover, the
spectrum of Sgr A* differs from the multi-temperature black
body spectrum obtained from the S-S model.
⋆ E-mail:bbnbh669@ybb.ne.jp
Since the observational features of Sgr A* can not be ex-
plained by the S-S model, two types of theoretical models,
such as the spherical Bondi accretion model without any
net angular momentum (Bondi 1952) and the advection-
dominated accretion flow model (ADAF) with high angular
momentum (Narayan & Yi 1994, 1995), have been proposed
(Narayan & McClintock 2008, Yuan 2011 for review). Both
the Bondi model and the ADAF model result in highly ad-
vected flows and the radiative efficiency is so low as to be
compatible with the observations. The spherically symmet-
ric Bondi model gave the first detailed model of Sgr A*
(Melia 1992; Melia, Liu & Coker 2001). This model applies
when the circularization radius is smaller than the inner-
most stable circular orbit. The Bondi model is frequently
used to estimate the expected accretion rate near the Bondi
radius far from the gravitating object. However, the simple
Bondi model can not be extended close to the black hole to
satisfy the details of the activity of Sgr A*. In contrast with
the Bondi model, the ADAFmodel applies when the angular
momentum at the outer boundary is roughly Keplerian, and
a large fraction of the viscously generated heat is advected
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with the accreting gas and only a small fraction of the energy
is radiated. Unlike the cold standard disc, this model results
in a high temperature, rapid accretion, sub-Keplerian disc
and inefficient radiation in the inner region of the disc. The
ADAF models were shown to be generally successful and
more advanced models (Yuan, Quataert & Narayan 2003,
2004), taking into account the parametric description of the
outflow and jet, explain well the observations. The impor-
tant key to these models for Sgr A* is the amount of angu-
lar momentum in the accretion flow. However, at present,
we have no clear evidence for the angular momentum from
observations.
The low angular momentum model belongs to an inter-
mediate case between the Bondi model and the ADAFmodel
and was applied to Sgr A* (Mos´cibrodzka, Das & Czerny
2006; Czerny & Mos´cibrodzka 2008). Assuming that the
Wolf-Rayet star IRS 13 E3 is the dominant source of the
matter accreting onto Sgr A* and assuming the wind tem-
perature Twind = 1.0 or 0.5 keV, they estimated the net
angular momentum λ of 1.68–2.16 and the Bernoulli con-
stant ε of 3.97 × 10−6–1.98 × 10−6, where the mass M , the
speed of light c and the Schwarzschild radius Rg = 2GM/c
2
are used as the units of mass, velocity and distance. With
these flow parameters for λ and ε, they showed analytically
that there is no continuous flow solution which attains to
the event horizon, and the resulting flow would be non-
stationary, but that, for the case of the angular momentum
λ= 1.55 lower than the best estimates for Sgr A*, there ex-
ists a standard stationary shock solution. Subsequently, they
speculated that, for the non-stationary flow, the inflowing
matter accumulates and forms a ring or torus and that the
ring in the inner region is unstable and may explain the vari-
ability of Sgr A*. Motivated by their suggestion and results,
we examine the low angular momentum flow model for Sgr
A* using 2D hydrodynamical calculations and discuss the
results on the activity of Sgr A*.
2 MODELLING A LOW ANGULAR
MOMENTUM FLOW
We consider a supermassive black hole with mass M =
4 × 106M⊙ for Sgr A*. For the accretion flow around Sgr
A*, we use the flow parameters λ and ε estimated by
Mos´cibrodzka, Das & Czerny (2006) and the mass accretion
rate M˙ = 4.0×10−6M⊙ yr
−1 in all models. 1D flow solution
of a thin, rotating, inviscid and adiabatic accretion flow near
the equatorial plane generally depends on the flow model
especially on its thickness, for example, the vertical equilib-
rium model or the constant height model. Assuming the ver-
tical equilibrium model here, we solve the Bernoulli equation
with the constant angular momentum λ, find the outer and
inner sonic points and get the Mach number versus radius
relation, the sound speed vs, the thickness h of the accretion
flow, the radial velocity v and the Temperature T at a given
radius r (Chakrabarti 1989). It should be noticed that the
configuration of the Mach number versus radius does not co-
incide completely with that in Mos´cibrodzka, Das & Czerny
(2006) because of the different flow model used. The Mach
number versus radius relations for λ = 1.68 and 2.16 are
similar to theirs, that is, the flow which passes through the
outer sonic point never continue to the event horizon. The
flow for λ = 1.55 also shows a flow topology similar to that
for λ = 1.68, unlike the case of Mos´cibrodzka, Das & Czerny
(2006). The first purpose in this study is to examine how the
flow with these specific angular momenta actually behaves.
However, in addition to the above parameters, we examined
another case of λ = 1.35, for which the standing shock is
predicted to exist in the inner region.
Figs 1 and 2 show the Mach number versus radius in
1D adiabatic flow obtained for the cases of λ = 1.68 and ε
= 3.97× 10−6 (model A) and λ = 1.35 and ε = 1.98× 10−6
(model D), respectively. In Fig. 1, the particle which passes
through the outer sonic point A falls down supersonically
inward but never attains the event horizon since it makes a
closed loop of the Mach number curve. On the other hand,
in Fig. 2, the particle falls supersonically along the solid line
AB, jumps at the shock position of Rs ∼ 20Rg from the
point B to C in a subsonic state and tends supersonically
toward the event horizon along the dashed line CD, where
the Mach number curve (dashed line) which passes through
the inner sonic point intersects at the point C with the other
Mach number curve AC (dotted line) which passes through
the outer sonic point and satisfies the Rankine-Hugoniot re-
lation between the solid and the dashed lines. In Fig. 2, there
exist two shock positions (Rs ∼ 17 and 19). It is known that
usually the inner shock of the two shocks is unstable but the
outer one is stable (Nakayama 1994).
Thus far, the model parameters are listed in Table 1,
where γ is the adiabatic index. First we examine models
A–D using 2D radiation hydrodynamical calculations which
include only the free-free transitions in the cooling and heat-
ing rate. It is well known that the existence of the sub-
millimetre bump in Sgr A* spectra is certainly caused by the
synchrotron emission. Secondly, following the results of mod-
els A and D, we examine another models of E and F which
take account of the synchrotron cooling in the energy equa-
tion under an assumption that the magnetic energy density
is 10 per cent of the thermal energy density. In models E
and F, we adopt a two-temperature model where the ratio
Te/Ti of the electron temperature Te to the ion temperature
Ti is initially assumed to be a constant δ(6 1) and neglect
the radiation transport because the flow is sufficiently op-
tically thin and the flux-limitted diffusion approximation of
radiation is less accurate for so optically thin medium.
3 MODEL EQUATIONS
The set of relevant equations consists of six partial differ-
ential equations for density, momentum, and thermal and
radiation energy. These equations include the heating and
cooling of gas and radiation transport. The radiation trans-
port is treated in the grey, flux-limited diffusion approxima-
tion (Levermore & Pomraning 1981). We use spherical polar
coordinates (r,ζ,ϕ), where r is the radial distance, ζ is the
polar angle measured from the equatorial plane and ϕ is the
azimuthal angle. The flow is assumed to be symmetrical with
respect to the Z-axis (∂/∂ϕ = 0) and the equatorial plane.
In this coordinate system, we have the basic equations in
the following conservative form (Kley 1989):
∂ρ
∂t
+ div(ρv) = 0, (1)
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Table 1. Model parameters for the accreting matter onto Sgr A*, where in models E and F a two-temperature model is adopted and δ
is the initial ratio Te/Ti of electron temperature Te to ion temperature Ti.
model λ ε γ M˙ (M⊙ yr−1) δ
A 1.68 3.97 ×10−6 1.6 4.0 ×10−6 –
B 2.16 1.98 ×10−6 1.6 4.0 ×10−6 –
C 1.55 1.98 ×10−6 1.6 4.0 ×10−6 –
D 1.35 1.98 ×10−6 1.6 4.0 ×10−6 –
E 1.68 3.97 ×10−6 1.6 4.0 ×10−6 3/7
F 1.35 1.98 ×10−6 1.6 4.0 ×10−6 1/9
∂(ρv)
∂t
+div(ρvv) = ρ
[
w2
r
+
v2ϕ
r
−
GM
(r −Rg)2
]
−
∂p
∂r
+fr, (2)
∂(ρrw)
∂t
+ div(ρrwv) = −ρv2ϕtanζ −
∂p
∂ζ
+ fζ , (3)
∂(ρrcosζvϕ)
∂t
+ div(ρrcosζvϕv) = 0, (4)
∂ρε
∂t
+ div(ρεv) = −p divv − Λ, (5)
and
∂E0
∂t
+divF 0 +div(vE0 + v ·P0) = Λ− ρ
(κ+ σ)
c
v ·F 0, (6)
where ρ is the density, v = (v, w, vϕ) are the three velocity
components, G is the gravitational constant, p is the gas
pressure, ε is the specific internal energy of the gas, E0 is
the radiation energy density per unit volume, and P0 is the
radiation stress tensor. We adopt the pseudo-Newtonian po-
tential (Paczyn´sky & Wiita 1980) in equation (2). The force
density fR = (fr, fζ) exerted by the radiation field is given
by
fR = ρ
κ+ σ
c
F 0, (7)
where κ and σ denote the absorption and scattering coeffi-
cients and F 0 is the radiative flux in the comoving frame.
The quantity Λ describes the cooling and heating of the gas,
Λ = ρcκ(S∗ −E0), (8)
where S∗ is the source function. For this source function,
we assume local thermal equilibrium S∗ = aT
4, where T is
the gas temperature and a is the radiation constant. For the
equation of state, the gas pressure is given by the ideal gas
law, p = RGρT/µ, where µ is the mean molecular weight and
RG is the gas constant. The temperature T is proportional to
the specific internal energy, ε, and satisfies the relation p =
(γ − 1)ρε = RGρT/µ. To close the system of equations, we
use the flux-limited diffusion approximation for the radiative
flux:
F 0 = −
λ0c
ρ(κ+ σ)
grad E0, (9)
and
P0 = E0 · TEdd, (10)
where λ0 and TEdd are the flux-limiter and the Eddington
Tensor, respectively, for which we use the approximate for-
mula given in Kley (1989). The formula fulfills the correct
limiting conditions λ0 → 1/3 in the optically thick diffusion
limit, and | F0 |→ cE0 as λ0 → 0 for the optically thin
streaming limit.
In the two-temperature model with E0=0 for models E
and F, the energy equation (5) is replaced by the following
energy equations for ion and electron.
∂ρεi
∂t
+ div(ρεiv) = −pi divv − qie, (11)
and
∂ρεe
∂t
+ div(ρεev) = −pe divv − ρcκS∗ + qie − qsyn, (12)
where εi and εe are the specific internal energy of the ion
and electron, pi and pe are the ion and electron gas pressure,
qie is the energy transfer rate from the ion to electron by
Coulomb collisions, qsyn is the cooling rate by synchrotron
radiation (Narayan & Yi 1995), and p = pi + pe.
4 NUMERICAL METHODS
The set of partial differential equations (1)–(6) is numeri-
cally solved by a finite-difference method under adequate ini-
tial and boundary conditions. The numerical schemes used
are basically the same as those previously described in Kley
(1989) and Okuda, Fujita & Sakashita (1997). These meth-
ods are based on an explicit–implicit finite difference scheme.
The inner boundary radius Rin is taken to be 2Rg. In our
models, the outer shock will be formed in the region of
r 6 200 Rg if it exists. Therefore, the outer boundary ra-
dius Rout is set to be 200Rg so that the predicted shock
position never exceed the outer boundary. The computa-
tional domain is divided into Nr ×Nζ grid cells, where Nr
grid points (=100) in the radial direction are spaced loga-
rithmically as ∆r/r = 0.054 and Nζ grid points (=100) in
the angular direction are equally spaced.
4.1 Initial flow variables
The initial flow variables in the 2D time-dependent calcula-
tion for models A–D are given from the 1D adiabatic flow
mentioned in Section 2. To obtain the radiation energy den-
sity E0, we specify the ratio β of the gas pressure to the total
pressure and the Eddington factor fEdd. Then, the gas tem-
perature T and the radiation energy density E0 are given
by
T = βv2s /(Rgγ), (13)
and
E0 = (1− β)v
2
s ρ/(fEddγ), (14)
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Figure 1. The topology of Mach
number versus radius of the
transonic flow for the parame-
ters of model A, where the solid
and the dashed lines intersect
at the outermost and innermost
sonic points indicated by crosses,
respectively. The particle which
passes through the outer sonic
point A falls down supersonically
but never attains the event hori-
zon.
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Figure 2. Same as Fig.1 but
for model D. The particle which
passes through the outer sonic
point A falls supersonically
along the line AB, jumps at
the shock position Rs ∼ 20Rg
from the point B to the point
C in a subsonic state and again
tends towards the event horizon
supersonically.
Concerning β, we specify its value so that the gas pres-
sure is dominant and the temperature TB at the Bondi–
Hoyle–Lyttleton radius RBHL (∼ 7 × 10
4Rg) is comparable
to the assumed wind temperature Tw, where RBHL is given
by the wind velocity 1000 km s−1 and the wind temperature
Tw = 1.0 keV (Mos´cibrodzka, Das & Czerny 2006). Conse-
quently, β = 0.9 and fEdd = 1 are adopted in all models.
Table 2 shows the flow variables of the radial velocity vout,
the Mach number Mach, the density ρout, the gas tempera-
ture Tout, the radiation energy density (E0)out, the relative
thickness h/r of the flow at the outer boundary Rout, the ra-
dius Rsonic of the outer sonic point and the gas temperature
TB at the Bondi–Hoyle–Lyttleton radius.
On the other hand, as for the initial flow of models
E and F, we use the final numerical results of models A
and D, respectively and assume initially that Te/Ti = δ and
T = (Te+Ti)/2 to maintain the pressure balance throughout
the flow, where T is the single temperature obtained from
models A and D.
4.2 Initial and boundary conditions
At the outer boundary of the accretion flow, a continuous
inflow with the flow variables in Table 2 is always given. The
initial atmosphere above the accreting matter in the com-
putational domain is given as a radially hydrostatic equilib-
rium state with zero azimuthal velocities everywhere. Physi-
cal variables at the inner boundary, except for the velocities,
are given by extrapolation of the variables near the bound-
ary. However, we impose limit conditions that the radial
velocities are given by a free-fall velocity and the angular
velocities are zero. On the rotational axis and the equatorial
plane, the meridional tangential velocity w is zero and all
scalar variables must be symmetric relative to these axes.
As for the outer boundary region above the outer accreting
matter, we use free-floating conditions and allow for the out-
flow of matter, whereas here any inflow is prohibited. With
these initial and boundary conditions, we perform time in-
tegration of equations (1)–(6) until a quasi-steady solution
is obtained.
5 NUMERICAL RESULTS
To get a steady state of flow, we need evolutionary times
longer than the following dynamical time tdyn.
tdyn ∼ Ω
−1 ∼
4× 104
λ
(
r
200Rg
)2
Rg
c
, (15)
where Ω is the angular velocity.
This time is a measure of the needed computational
time. Actually, because unsteady shock phenomena oc-
curred, we needed more times, of 5–7 ×104Rg/c, to examine
the time variabilities, where Rg/c ∼ 40 s. The total lumi-
nosity L is also a good measure to check whether a steady
state of the accretion flow is attained. The luminosity L is
given by
L = 4piRout
2
∫ π/2
0
Fr(Rout, ζ) cos ζdζ. (16)
5.1 Time variations of the luminosity and the
mass–flow rate
First, we show the results of model A as a typical case. After
a time of ∼ 103Rg/c, the total luminosity L through the
outer boundary nearly attains a steady value of 5.4 × 1038
erg s−1 but is modulated only by a few to ten per cent of the
total luminosity. Following the time evolution of the flow, a
c© 2012 RAS, MNRAS 000, ??–??
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Table 2. Flow variables at outer boundary Rout, radius Rsonic of the outer sonic point, gas temperature Ts at the outer sonic point and
gas temperature TB at the Bondi–Hoyle–Lyttleton radius RBHL, where ρ0 = 10
−8 g cm−3. The finally obtained flow variables of models
A and D are used as the initial flow variables of models E and F, respectively, but with ion temperature (Ti)out = 2Tout/(1 + δ) and
electron temperatute (Te)out = 2δTout/(1 + δ).
Model vout/c Mach ρout Tout (E0)out (h/r)out Rsonic Ts TB
(g cm−3) ( K) (ρ0c2) (Rg) (K) (K)
A 4.75×10−2 1.91 5.86×10−19 2.45×109 8.86×10−15 0.45 8.359×103 9.5×107 9.6×106
B 4.88×10−2 2.02 5.90×10−19 2.30×109 8.35×10−15 0.43 1.677×104 4.7×107 1.0×107
C 4.95×10−2 2.06 5.83×10−19 2.28×109 8.20×10−15 0.43 1.681×104 4.7×107 1.0×107
D 4.97×10−2 2.07 5.81×10−19 2.28×109 8.16×10−15 0.45 1.682×104 4.7×107 1.0×107
shock wave is formed in the inner region of r 6 30Rg and
it moves gradually outward. After a time of ∼ 104Rg/c, the
shock wave begins to oscillate irregularly between the radii
of 80–160 Rg with time-scales of hours to days. The mass-
outflow rate M˙out at the outer boundary and the mass-inflow
rate M˙in at the inner edge are modulated intermittently by a
factor around 3. M˙out plus M˙in is nearly equal to the input
accretion rate M˙input but it is remarkable that the mass-
outflow rate is twice as large as the mass-inflow rate at the
inner edge, that is, a large amount of the input accreting
matter is ejected as a wind.
Fig. 3 shows the time variations of the total luminos-
ity L (erg s−1), the mass-outflow rate M˙out (g s
−1), the
mass-inflow rate M˙in and the shock position on the equa-
torial plane for model A, where the input accretion rate is
indicated by a dotted line and time is taken in units of sec-
onds. The shock wave moves up and down over the spatial
pre-shock zone, but it maintains the Mach number of ∼ 2
throughout the shock oscillation.
Although in model B with the highest λ the shock is
formed firstly around r ∼ 100Rg and moves gradually up-
stream, it finally disappears and a steady flow is attained.
In model C with λ smaller than model A, the flow features
are similar to model A. But the shock oscillates between
40–80 Rg and the mass-outflow rate varies by a factor of 4.
Model D differs from the other models because the initial
flow of model D is based on the 1D adiabatic flow with sta-
tionary standing shocks. Fig. 4 shows the time variations of
L, M˙out, M˙in and Rs for model D. First, the shock is formed
steadily at r/Rg ∼ 20 and it begins to move between 15
6 r/Rg 6 30. The luminosity is modulated by several per
cent but the mass-outflow rate varies by a factor of 7 al-
though it is two orders of magnitude smaller than the input
accretion rate. The Mach number of the shock maintains it-
self at about ∼ 4 and is stronger than those in models A
and C, because the shock is formed closer to the black hole.
We may wonder that the flow of model D shows non-
stationary behaviours, because the initial flow of model D
has been given from the adiabatic solution with the station-
ary standing shocks. So we examined this model under an
adiabatic 2D condition and reconfirmed that the stationary
shock is formed constantly at r ∼ 16Rg which is slightly
smaller than the theoretical values of Rs = 17 and 19 ob-
tained from the 1D adiabatic solution. In model D, unlike
the adiabatic case, we notice that the cooling and heating
of the gas considerably influence the formation and position
of the shock.
Fig. 5 shows the time variations of the total luminosity
L by the synchrotron and free-free emissions, M˙out, M˙in and
Rs for model F. The figure also shows the irregularly oscil-
lating shock phenomena similar to model D but the modu-
lation amplitude of the luminosity is much larger than that
of model D and the maximum luminosity is as high as five
times of the averaged luminosity 1.6× 1036 erg s−1 which is
comparable to the observed luminosity of Sgr A*. In the two-
temperature models of E and F, the synchrotron emission
is one orders of magnitude larger than the free-free emis-
sion and the energy transfer rate qie from the ion to electron
by Coulomb collisions is negligibly small compared with the
synchrotron emission.
Table 3 shows the averaged values of L, M˙in/M˙input and
M˙out/M˙input, the shock position Rs on the equatorial plane,
the maximum luminosity Lmax and the maximum mass-
outflow rate (M˙out)max, where M˙input is the input accretion
rate of 2.5×1020 g s−1. The luminosities of the models A–D
are ∼ 5 × 1038 erg s−1 independently of λ. The radiative
efficiency η (= L/M˙c2) of the accreting matter into the ra-
diation is ∼ 10−3 in models A–E but is far low, ∼ 10−5, in
model F. The mass-outflow rate increases with increasing λ.
In model B with the highest angular momentum, most of
the input accreting matter is ejected as the wind, without
arriving at the inner edge, and in model D with the lowest λ,
only four per cent of the input matter is ejected as the wind.
Conversely, the mass-inflow rate at the inner edge decreases
as λ increases.
5.2 Structure of the flow and of the shock
Fig. 6 shows the profiles of density ρ (g cm−3), gas tem-
perature T (K), radial velocity v, its Mach number on the
equatorial plane and accreting mass flux M˙(r) (g s−1) ver-
sus radius at t = 1.7×105 s for model A. The accreting mass
flux is defined as the mass flux of the flow with negative ra-
dial velocities above the equatorial plane. Since the flow is
convectively unstable in the inner region of r 6 30Rg , M˙(r)
is not correctly defined at r 6 30Rg according to the above
definition. The non-stationary shock is found at a radius of
r ∼ 90Rg. The temperature 2.5×10
9 K at the outer bound-
ary increases to 5.0 × 109 K at the pre-shock radius and is
enhanced to 1.3 × 1010 K across the shock. The density is
also enhanced by a factor of three across the shock. In Fig. 6,
a single shock structure is found but we find two shock fea-
tures at some phases. The accreting matter falls inward with
a constant accretion rate until it attains the shock position
and then it decreases (see the scale on the right side of the
figure) after the gas passes through the shock. This follows
c© 2012 RAS, MNRAS 000, ??–??
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Table 3. Averaged values of L, M˙in/M˙input and M˙out/M˙input, shock position Rs, maximum luminosity Lmax and maximum mass-
outflow rate (M˙out)max, where M˙input is the input mass accretion rate.
Model L (erg s−1) M˙in/M˙input M˙out/M˙input Rs/Rg Lmax/L (M˙out)max/M˙out
A 5.4×1038 0.32 0.68 80–160 1.04 ∼ 3
B 5.3×1038 1.0×10−4 0.99 no shock – –
C 5.1×1038 0.72 0.28 40–80 1.08 ∼ 4
D 5.1×1038 0.96 0.04 15–30 1.05 ∼ 7
E 1.3×1038 0.30 0.70 70–130 ∼ 2 ∼ 2
F 1.6×1036 0.97 0.03 7–45 ∼ 5 ∼ 7
from the fact that the outflow begins in the post-shock re-
gion after matter crosses the shock. Fig. 7 shows the profiles
of ρ (g cm−3), T (K), v, its Mach number and M˙(r) (g s−1)
at t = 2.0× 105 s for model D. The shock on the equatorial
plane is found at r ∼ 17Rg. In this figure, we also find that
the accreting mass flux M˙(r) becomes a little small in the
post-shock region although it is almost constant until the
gas reaches the shock. This is due to the effect of the mass-
outflow in the post-shock region. However, the effect on the
accreting mass flux is smaller than in model A, because the
mass-outflow rate in model D is far smaller than in model
A.
Fig. 8 shows the profiles of density ρ (g cm−3), ion tem-
perature Ti (K), electron temperature Te (K), radial velocity
v, Mach number of the velocity on the equatorial plane and
accreting mass flux M˙(r) (g s−1) for model F at t = 1.3×106
s, at which the luminosity takes a maximum value 3.2×1038
erg s−1. The profiles in the pre-shock region are almost same
as the initial one and the ratio Te/Ti is not so different from
its initial ratio δ(= 1/9) even in the post-shock region. This
means that the steady values of the electron and ion temper-
atures and accordingly the intrinsic total emission of models
E and F may not be still reached by the time integration
over t ∼ 2 × 106 s. To obtain exact steady distribution of
Te and Ti, the time-independent differential equations for a
stationary state should be solved instead of the method of
the time-dependent calculation. In spite of this fact, from
the result of the two-temperature model with the input ac-
cretion rate of 4.0× 10−6 M⊙ yr
−1, we can expect the total
emission of ∼ 1036 erg s−1 compatible with the observed one
of Sgr A* if the electron temperatures of ∼ 109 – 1010 K are
obtained in the inner region.
Figs 9 and 10 show the contours of density ρ (g cm−3)
and temperature T (K) with velocity vectors at t = 1.7×105
s in model A. The shock wave rises obliquely at r ∼ 90Rg
above the equatorial plane and extends upward to ∼ 50Rg.
The velocity vectors in Fig. 10 are amplified by five times,
compared with Fig. 9. The initial accreting matter at the
outer boundary supersonically falls down towards the gravi-
tating centre and is decelerated at the shock front, enhancing
the density and the temperature and becomes subsonic. The
post-shock region with high densities and high temperatures
results in a strong outward pressure-gradient force also along
the Z-axis and a part of the accreting matter deviates from
the disc flow and escapes as the wind flow. The wind velocity
becomes 0.01–0.05c at the outer boundary except for a nar-
row funnel region along the Z-axis, where the funnel wall
is characterized by the vanishing of the effective potential
and the flow velocity within the funnel region is relativistic
at ∼ 0.2c. The remaining accreting matter is swallowed into
the central black hole. In model A, two thirds of the input
accreting matter is expelled from the accretion flow. The
mass-ouflow begins after the matter undergoes the shock
compression. The circulating flow is also found at r 6 30Rg,
that is, the accretion flow is convectively unstable in the
post-shock region.
5.3 Properties of the time-variability of the flow
The most remarkable feature of the low angular momentum
flow considered here is the existence of the non-stationary
and oscillating shocks found in all models except for model
B. This shock phenomenon results in the irregular modula-
tion of the flow variable. .
The luminosity varies synchronously with the mass-
outflow rate without any time lag. In spite of the large
modulation of the shock position in models A, C, and D,
the modulation amplitude of the luminosity is as small as
a few to ten per cent , while in models E and F it varies
by a factor of 2–5. The outflow consists of a persistent out-
flow and a large episodic one with irregular intervals of an
hour to ten days and the episodic outflow rate is higher by
a factor of 2–7 than the averaged mass-outflow rate.
Sgr A* possesses a quiescent state and a flare state. The
flares of Sgr A* have been detected in multiple wavebands
from radio, sub-millimetre, IR to X-ray (Yusef-Zadeh et al.
2009, 2011). The amplitudes of the variability at radio, IR
and X-ray are by factors of below 1/2, 1–5 and 45 or even
higher, respectively, a few times per day. The rapid vari-
ability in the radio band on time-scales of a few seconds
to hours has been observed (Yusef-Zadeh et al. 2011). Al-
though a quasi-periodicity of ∼ 20 minutes in the IR flares
(Genzel et al. 2003; Meyer et al. 2006a,b; Trippe et al. 2007;
Eckart et al. 2008) and radio QPOs of 16, 22, 31 and 56
minutes (Miyoshi et al. 2011) have been reported, they are
the subject of a controversy (Meyer et al. 2008; Do et al.
2009). These flare phenomena are interesting in relation to
the time variations of the luminosity and the mass-outflow
rate in the present models. We consider that the intermit-
tently large modulations of the outflow due to the oscillatory
shock may be related to the flares of Sgr A*. Unfortunately,
the time resolution in our calculations is at most as small
as a few minutes because of the limited time step in the
calculations. Therefore, the short time variability at a scale
of ∼ 10 minutes observed in Sgr A* can not be compared
with the result of our models. Figs 11 and 12 show the power
spectrum density of the total luminosity L and mass-outflow
rate M˙out and of the disc luminosity Ld and shock radius
c© 2012 RAS, MNRAS 000, ??–??
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the input accretion rate.
Rs on the equatorial plane, respectively, for model A, where
the disc luminosity is defined at the surface of the inward
flow with only negative radial velocities near the equatorial
plane. Here, we can not find a conspicuous frequency peak
in these power spectra partly due to insufficient statistical
power but they are suggestive of semi-regular variabilities
on time-scales of hours to days.
The origin of the oscillating shock appearing in the
present models is entirely attributed to the range of param-
eters of the specific energy and the specific angular momen-
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Figure 5. Time evolutions of total emission L by the synchrotron
and free-free emissions, mass-outflow rate M˙out, mass-inflow rate
M˙in and shock position Rs on the equatorial plane in model F.
tum used here. Generally, the shock formation and its posi-
tion are very sensitive to the upstream flow parameters. The
initial flow variables of the models, except for models D and
F with λ = 1.35, are based on the 1D adiabatic flow in which
parameters λ never produce a stationary standing shock but
are located just nearby in the range of parameters responsi-
ble for the stationary shock. Furthermore, we know that the
shock becomes unstable when we take account of the energy
loss and gain of the gas (Molteni et al. 1996; Okuda et al.
2004).
6 COMPARISON WITH THE
ADVECTION-DOMINATED ACCRETION
FLOW
The present low angular momentum flow models are com-
pared with the ADAF model (Narayan & Yi 1994, 1995;
Narayan & McClintock 2008; Yuan, Quataert & Narayan
2003) which is referred to as a radiatively inefficient ac-
cretion flow model of Sgr A. The region considered here
is limited to an inner region of r 6 200Rg . The ADAF has
generally the following properties: (1) the accretion flow be-
comes geometrically thick, (2) the pressure support in the ra-
dial direction is considerable, so the angular velocity is sub-
Keplerian, (3) the radial velocity of the gas is much larger
than that of the standard disc model and is barely less than
Keplerian velocity in the innermost region, and (4) the large
radial velocity and the large scale height cause the gas den-
sity to be very low, and so the cooling time is very long com-
pared with the dynamical time and the matter is optically
thin. These properties are also realized in the present low an-
gular momentum flows. The ADAF solution is gas-pressure
dominated and the sound velocity is comparable to the Kep-
lerian velocity, so the gas temperature becomes nearly virial.
Gas at such a high temperature radiates copiously at small
radii where the temperature can approach 1012K. Thus, in
the ADAF model, a two-temperature plasma of the ion tem-
perature Ti and the electron temperature Te is assumed to
c© 2012 RAS, MNRAS 000, ??–??
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exist at the small radii. Typical ADAF models have the two
temperatures scaling as (Narayan & McClintock 2008)
Ti ∼ 10
12/r K, Te ∼ Min( Ti, 10
9−11 K). (17)
In our models A–D, the two-temperature model is not con-
sidered but a high temperature of ∼ 2× 1011 K comparable
r/R
lo
g lo
g
T
V
M
a
ch
0 10 20 30 40 50-19
-18
-17
-16
-15
9
10
11
12
-0.4
-0.2
0
-4
-2
0
g
ρ
V
Mach
ρ
Ti
Te
Figure 8. Profiles of density ρ (g cm−3), ion temperature Ti (K),
electron temperature Te (K), radial velocity v and Mach number
of the radial velocity on the equatorial plane versus radius at
t = 1.3× 106 s for model F.
to the above ion temperature is obtained in the innermost
region. The temperature profile is roughly T ∝ r−1 in all
models, in agreement with the ADAF. In the ADAF with
the constant accretion rate, a self-similar flow with the den-
sity profile of ρ(r) ∝ r−s gives s = 1.5, while our models
show s = 1.4–1.8. The radiative efficiency of the accretion
flow in our model F is as small as ∼ 10−5 in the usual
ADAFs.
Thus, as far as the inner region of the accretion flow is
concerned, the low angular momentum flow model has many
properties in common with those of the ADAFs. The distinc-
tion between the ADAFs and the present low angular mo-
mentum flow is that the former describes a hot, nearly spher-
ical, accretion flow with viscosity, while the latter shows the
same accretion flow with lower angular momentum but with-
out viscosity. The remarkable difference between our models
and the ADAFs is the existence of the oscillating shock phe-
nomena in the low angular momentum model, except for
model B with a relatively larger angular momentum. The
shock position Rs is irregularly oscillatory in the inner re-
gion of r 6 180Rg . Another distinctive point of our models
is that the mass-outflow is considerable, depending on the
specific angular momentum of the model, as mentioned in
Section 5.1.
Fig. 13 shows the energy spectra calculated from model
F with L = 3.2 × 1036 erg s−1 at t = 1.3 × 106 s (dashed
line) and with L = 1.2 × 1036 erg s−1 at t = 7.1 ×
105 s (solid line). The sub-milimetre and X-ray bumps in
these spectra are originated from the synchrotron cooling
by thermal electrons and the bremsstrahlung cooling, re-
spectively, whose formulas are prescribed in Narayan & Yi
(1995) and Stepney & Guilbert (1983). The intensities in
the sub-milimetre bumps of models E and F are a little
higher and the peak positions lie in a longer wavelength com-
pared with the observational spectra at the quiescent state
of Sgr A*. To the contrary, the intensities in the X-ray band
c© 2012 RAS, MNRAS 000, ??–??
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(2–8 keV) are one orders of magnitude lower than the ob-
served one. The radiatively inefficient accretion flow models
(Yuan, Quataert & Narayan 2003), such as the ADAFs, take
into account the complicated physics including synchrotron
and inverse Compton emission by thermal and non-thermal
electrons under the two-temperature assumption and de-
scribe the energy spectra very fitted to the observed ones
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of Sgr A* over a wide range of energy bands from the radio
to X-ray. In this respect, the present our model is too sim-
ple and insufficient to reproduce the spectra of Sgr A* but
it is useful to examine the basic scenario of the low angular
momentum flow model.
7 SUMMARY AND DISCUSSION
Based on the analysis of the angular momentum of the ac-
cretion flow around Sgr A* by Mos´cibrodzka, Das & Czerny
(2006), we examined a low angular momentum flow model
for Sgr A* using two-dimensional hydrodynamical calcula-
tions. The models with the specific angular momenta λ of
1.35, 1.55, 1.68, and 2.16 (in the usual nondimensional units)
and input accretion rates of M˙input = 4.0 × 10
−6 was con-
sidered. We summarize the results as follows.
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.
(1) The accretion flow is very hot, optically thin, geo-
metrically thick, and convectively unstable in the inner re-
gion of the accretion flow, as is also found in the ADAFs.
(2) The flow is highly advected and, if the syncrotron
cooling and a two-temperature model are taken into account,
the radiative efficiency of the accreting matter into radia-
tion is very low, ∼ 10−5–10−3, and the input accretion rate
M˙input = 4.0×10
−6 M⊙ yr
−1 results in the total luminosity
∼ 1036 erg s−1 which is comparable to the observed lumi-
nosity of Sgr A*.
(3) An irregularly oscillating shock is formed in the in-
ner region of a few tens to a hundred and sixty Schwarzschild
radii, except for the model with the highest λ = 2.16. Due to
the oscillating shock, the luminosity and the mass-outflow
rate are modulated by several per cent to a factor of 5 and
a factor of 2-7, respectively, on time-scales of an hour to ten
days.
(4) The mass-outflow rate increases with increasing λ
and it ranges over a few per cent, one-thirds, two-thirds and
99 per cent, of the input accreting matter, corresponding to
the cases of λ = 1.35, 1.55, 1.68 and 2.16, respectively.
(5) The oscillaing shock is necessarily triggered if the
specific angular momentum λ and the specific energy ε be-
long to or are located just nearby in the range of parameters
responsible for a stationary shock in the rotating inviscid
and adiabatic accretion flow.
(6) The time variability may be related to the flare phe-
nomena of Sgr A*.
Since the specific angular momenta used in the models
are reasonably estimated, the time variability of Sgr A* may
be attributed naturally to the oscillating shock in the low
angular momentum model considered here. Further evidence
of the low angular momentum of the accretion flow around
Sgr A* would confirm the validity of the models. If the spe-
cific angular mommentum of the accretion flow around Sgr
A* is actually as small as λ = 1.35, the time variability itself
of the total emission like model F may explain the quiescent
and the flare states of Sgr A*. On the other hand, in the case
of higher angular momentum i.e. λ = 1.68, the time mod-
ulation of the total emission L is small to explain the flare
phenomena of Sgr A*. However, under this circumstance ,
we expect that the large episodic wind caused by the non-
stationary shock may induce the flare phenomena of Sgr A*.
The flare phenomena of Sgr A* have been seen to be polar-
ized in the radio, sub-millimetre and IR bands (Genzel et al.
2003; Meyer et al. 2006a,b; Trippe et al. 2007; Eckart et al.
2006). This is a strong evidence for a magnetic field around
Sgr A*. The episodic wind in our model may be accelerated
as a relativistic jet by some mechanism such as magnetic
reconnection process in a current seet under the magnetic
field away from the accretion flow (Yuan et al. 2009). The
jet will collide with the ambient matter and excite the mat-
ter as a hot emitter, especially at times of the episodic wind.
The emission from the hot matter may be observed as the
flares in X-ray. Furthermore, the jet expands and cools in
the far distant interstellar matter and results in the syn-
chrotron emission due to the electrons in the magnetic field.
This may be observed as the radio flares with a time lag
from the X-ray flares. The existence of the magnetic field
plays an important role in the accretion flow. However, the
magnetic field was not taken into account simultaneously
with the hydrodynamics in our models. Thus, the current
low angular momentum flow model is simple and can not
reproduce the observed spectra of Sgr A*, as is successfully
fitted over a wide range of the wavelength by ADAFs. For
a spectral fitting, we have to treat the physics of the syn-
chrotron and inverse Compton emission by the thermal and
non-thermal electrons under the two-temperature model. A
further magneto-hydrodynamical examination of the flow
with a low angular momentum model including the above
physics should be pursued in the future.
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